The objective of this study is to identify key microstructural parameters S c X t l o l the mechanical properties of two-phase y-TiAl alloys with lamellar structures. TiAl alloys with the base composition of Ti-47AL2Cr-2Nb (at. 5%) were prepared by arc melting and drop casting, followed by hot extrusion at temperatures above the a-transus temperature. T,. The hot extruded materials were then heat treated at various temperatures above and below T, in order to control microstructural features in these lamellar structures. The mechanical properties of these alloys were determined by tensile testing at temperatures to 1000" C. The tensile elongation at room temperature is strongly dependent on grain size. showing an increase in ductility with decreasing grain size. The strength at room and elevated temperatures is sensitive to interlamellar spacing, showing an increase in strength with decreasing lamellar spacing. Hall-Petch relationships hold well for the yield strength at room and elevated temperatures and for the tensile elongation at room temperature. Tensile elongations of about 5% and yield strengths around 900 MPa are achieved by controlling both colony size and interlamellar spacing. The mechanical properties of the TiAl alloys with controlled lamellar structures produced directly by hot extrusion are much superior to those produced by conventional thermomechanical treatments.
INTRODUCTION
The mechanical properties of two-phase TiAl alloys are sensitive to both alloy composition and microstructure [l-51. The two common types of microstructure formed in TiAl alloys are lamellar structures generally observed in cast conditions and duplex structures in thermomechanically treated conditions. The lamellar structures with coarse grain sizes (>500 um) exhibit adequate fracture toughness but poor tensile ductility at ambient temperatures; on the other hand, the duplex structures with fine grain sizes (<50 urn) show adequate tensile ductility but poor fracture toughness. For the past decade or so, considerable effort has been devoted to microstructural design of two-phase TiAl alloys with balanced properties [I-61. The objective of this study is to identify the key microstructural parameters controlling the mechanical properties of two-phase TiAl alloys at room and elevated temperatures. In this study, T i 4 7 AL2Cr-2Nb (at. %) was selected as the base alloy composition, and minor alloying additions at levels 51% were added for microstructural control. Since lamellar structures generally have good strength and creep resistance at high temperatures [3, 7, 8] , the present study has been focused on understanding and controlling microstructural features in lamellar structures. The Al concentration in the alloys varied from 46 to 48 at. % for adjusting the amount of the a phase relative to the yphase. The microstructural parameters such as grain size (or colony size), lamellar spacings, and grain-boundary equiaxed phases were controlled by material processing and heat treatment, and characterized by optical and transmission electron microscopy ( E M ) . Some preliminary data obtained earlier have been reported elsewhere [9] . Our studies have revealed that the average grain size and the interlamellar spacing are the key microstructural parameters for controlling the tensile properties at room and elevated temperatures. Table 1 lists the alloy compositions and hot extrusion conditions for the TiAl alloys used in this study. The base composition of Ti-47A1-2Cr-2Nb (at. 5%) was modified with additions of 0.15B and 0.2W. Boron and tungsten were added for refining the lamellar structure and improving its stability [lo-121. Tungsten was also reported to have the beneficial effect of enhancing high-temperature properties [3] . The five alloys containing 46-48 at.% A1 were prepared by arc melting and drop casting into a copper mold, using high-purity charge materials. The alloy ingots were then canned in Mo billets and hot extruded at TI and T,, where T,>T,>T, (T, =1320" C for Ti-47A1-2Cr-2Nb alloy) [Z] .
The hot extruded alloys were heat treated for 2 h at temperatures from 900 to 1350" C in vacuum. Buttonhead-type tensile specimens (gage section: 9.53 mm length x 3.18 mm diameter) were prepared from heat-treated materials by electro-discharge machining, followed by surface grinding. The specimens were mechanically polished to remove surface scratches (using OO-grade S i c papers) prior to testing. Tensile tests were performed on an Instron testing machine at temperatures to 1000" C in air at a cross-head speed of 0.25 cdmin. (strain rate 4.4 x 10-3/s). In order to calibrate the small strains obtained at room temperature and 300" C, tensile strains measured from the strip chart were corrected on the basis of strain measurement using a clip-on Instron strain gage at room temperature. The tensile strains at 800 and 1OOO" C were determined mainly from broken specimens.
Microstructural features in selected specimens were studied by optical microscopy and by E M . Metallographic samples were polished on a syntron and etched in a solution of 100 ml H,O, 8 HNO,, and 0.5 HF to reveal lamellar structures. TEM disks were prepared by twin-jet eleciopolishing in a solution of 6% perchloric acid, 60% methanol, 33.5% butyl cellusolve, and 0.5% glycerin at a temperature of -20°C and at 32 V. Thinned foils were then examined using Philips CM12 (120 kV), Philips CM200/FEG (200 kV), and Philips CM30 (300 kV) electron microscopes.
RESULTS AND DISCUSSION
All the alloys were successfully hot extruded above T, at T, and T2 without difficulty. The hot extrusion above Taresuited in lamellar structures with extremely fine colony sizes (22-33 pm). The hot extrusion at T, produced near fully lamellar structures, with some equiaxed and elongated y grains existing along colony boundaries. On the other hand, the hot extrusion at T, resulted in a much smaller amount of y grains at those boundaries. Figure 1 shows a close to fully lamellar structure produced by hot extrusion of TIA-23 at T2. This alloy was also stress-relieved for 2 h at 900" C (after extrusion), which caused no change in optical microstructure. In order to vary grain size and lamellar spacings, the hot extruded alloys were heat treated close to T, for 2 h. As shown in Fig 2, the heat treatment at 1320" C (=T,) caused no significant change in grain size, but the heat treatment at 1350" C resulted in a sharp increase. The variation in grain size by heat treatment of TIA-20, -2 1, -2 1-2, and -25 is given in Table 2 . Fig. 1 . TIA-23 hot extruded at T, and heat treated for 2 h at 900" C- hhcrostructural features in TIA-20 and -2 1 extruded at T, and TIA-21-2 and TIA-25 extruded at T, were examined by TEM after stress relieved for 2 h at 900" C. Figure 3 shows the fine, regular lamellar structures observed w i t h colonies in TIA-20 and 2 1. The lamellar spacings were carefully measured, and their results are summarized in Table 2 . Because of the fine interlamellar spacing in the as-extruded material-. :he ratio of y to a, platelets is close to 1: 1, indicating only a few y/y boundaries. Figure 4 comI:uses the microstructure of the lamellar structures in TU-21 hot extruded at T, and T,. The extrusion at T, resulted in about 10-20% volume fraction of equiaxed and elongated y in intercolony grain regions, whereas the extrusion at T2 resulted in less than 10% intercolony y structures. This comparison suggests that, during the hot extrusion, the temperature of the extrusion billets (which were preheated to T,) may have dropped to below T,, resulting in the formation of y along the a grain boundaries. The tensile properties of these TIA alloys were determined at room temperature, 300, 600, 800, and 1000" C in air. Figure 5 shows the effect of the Al concentration on the tensile properties of TIA-23 and -24 with the near fully lamellar structure produced by hot extrusion at T,. This plot indicates that TIA-23 with 46% Al is substantially stronger at all test temperatures than TIA-24 with 48% Al. Two possible reasons to explain the better strength of TIA-23 are: (1) higher volume fraction of a, -platelets, and (2) finer interlamellar spacing in TIA-23. As indicated later, the second reason is considered to be the dominant one. The ductilities of the two alloys are similar, except that TIA-24 is more ductile at 800" C. Figure 6 compares the tensile properties of TIA-25 (more optimized alloy composition and microstructure) with the advanced two-phase TiAl alloy, K-5 (Ti-46.5Al-2.1Cr-3Nb-O.2W, at.%), prepared by casting and isothermal forging [SI. The comparison indicates that TIA-25 with a refined lamellar structure is much stronger and more ductile than K5. The superior tensile properties of TIA-25 are due to a combination of the fine colony size and the fine interlamellar spacing produced by hot extrusion, as indicated later. In order to identify key parameters, the yield strength and tensile elongation at various temperatures are plotted against grain size (d) and interlamellar spacing. Figures 7(a) and (b) show the plot of the room-temperature tensile elongation as functions of d and d-1'2 , respectively. As indicated in Fig. 7(b) , a linear relationship fits reasonably well between the tensile ductility and d-'". This relationship had also been observed for quasi-brittle materials, based on a consideration of the propagation of cracks with an average length that is the same as the grain size [13] . Note that such a relationshp does not hold for the ductility at elevated temperatures, such as 800" C. The yield strength of TIA alloys at room and elevated temperatures are analyzed by the HallPetch equation based on both the grain size and the interlamellar spacing. No linear relationships exist for the grain size piot, but an excellent relationship is found for the interlamellar spacing plot, as shown in Fig. 8 for the yield strength at room temperature and 800" C. These plots clearly indicate that the interlamellar spacing is the key parameter controlling the yield strength of these two-phase TiAl alloys. Hall-Petch relationships were observed for two-phase TiAl alloys [ 1, 5, , where the yield strength at room temperature was plotted against grain size, instead of interlamellar spacing. A more detailed comparison of the values of the Hall-Petch slope obtained in this study with those reported previously will be discussed elsewhere [ 171. I . The interlamellar spacing and grain size in the TiAl alloys with lamellar structures can be controlled by hot extrusion at temperature above T, and subsequent heat treatment around T, .
2. The tensile ductility around 5% and strength around 900 MF' a at room temperature are obtained for the TiAl alloys with ultra-fine lamellar structures (grain size< 35 p, and interlamellar spacing 0.1 ,urn).
3 . A Hall-Petch relationship exists between the room-temperature tensile elongation and grain size. indicating that the grain size is the key parameter in controlling the ductility at room temperature. Such a relationship, however, does not hold for the elongation at elevated temperatures, such as 800" C.
4. An excellent Hall-Petch relationship is found between the yield strength at room and elevated temperatures and the interlamellar spacing, but no such relationahip is found for the grain size. This analysis indicates that the interlamellar spacing is the key parameter in controlling the strength of these TiAl alloys with refined lamellar structures.
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